ABSTRACT
INTRODUCTION
The regeneration of bone tissue remains a major challenge for orthopedics. The spinal fusion, increase in fracture healing, and reconstruction of bone defects resulting from trauma, tumor, infection, biochemical disorders, or abnormal skeletal development are clinical situations in which surgical intervention is necessary (Meijer et al. 2007 ). The requirement of the material used for bone implant is to present the biological and mechanical properties of the original bone. Human bone is composed of nano-sized organic and mineral phases to form a macrostructure. Proteins present in the extracellular matrix of bone are nano-structured comparable to collagen fibrils. Furthermore, calcium phosphate, an important constituent of the bone matrix, is compositionally and structurally nano-structured. Nanostructured materials are unique materials that simulate dimensions of constituent components of bone since they possess particle or grain sizes less than 100 nm (Pei et al. 2011) . Calcium phosphate ceramics are synthetic scaffolds that have been used in dentistry since the early 1970s and in orthopedics since 1980s. This has contributed fundamentally to develop biocompatible ceramics (Nandi et al. 2010) . Porous bioceramics are widely used in medical applications such as bone substitutes or bone filling material (Abarrategi et al. 2012) . These porous scaffolds are used to provide structural support and also to serve as a template for cell colonization and extracellular matrix formation. Both degradable and non-degradable ceramics are used to fabricate scaffolds and also multiple methods have been used to create the porous structure (Abarrategi et al. 2012) . Among the new materials used, ceramics based on alumina (Al 2 O 3 ) and zirconia (ZrO 2 ) are important. In recent years, vibrational spectroscopy such as Fourier-transform Raman spectroscopy (FTRaman) has been evaluated as a technique for studying "bone quality". Bone quality refers to the group of compositional and architectural properties of bone tissue that together determine its properties and mechanical functions. Since Raman spectroscopy measures the characteristic vibrational frequencies of molecules, it provides information on the composition of organic and inorganic samples, allowing nondestructive qualitative and quantitative analyses (Souza et al. 2011) . Raman spectroscopy can provide good assessment of the chemical composition within bone, and therefore has potential as a powerful tool for evaluating a bones' structural integrity and to monitor the progression of some pathologies as osteoporosis (Arora et al. 2011) . The evaluation of the frequency of micronuclei (MN) in vivo is the main test of several genotoxicity tests and is recommended by regulatory agencies around the world as part of security analysis products. Particularly, the MN assay using rodents has been widely employed to assess the ability of genotoxic substances or products and promising materials for biomedical purposes (Song et al. 2012) . The test MN is a cytogenetic test, which can be used as a biomarker to assess aneugenic effects (loss of whole chromosomes due to failures in the mitotic spindle) and clastogenic (chromosomal breakage) in various organisms (Iarmarcovai et al. 2009 ). The formation of MN during cell division is the result of events that can be induced by oxidative stress, exposure to clastogenic and aneugenic agents (Fenech. 2006 ). The present study aimed to investigate the influence of biomimetic ceramic implants coated with hydroxyapatite in bone healing in rabbits, using the spectral information provided by Raman spectroscopy and the genotoxicity assessment provided by the micronucleus test.
MATERIALS AND METHODS

Preparation of ceramic implants for in vivo implantation
The porous Al 2 O 3 implants were prepared by gelcasting method (Sousa, 2009) . Twelve samples of Al 2 O 3 implants were prepared round shaped (4.0 mm of diameter and 2.0 mm high), and half of these (n = 6) were apatite-coated by the modified biomimetic method (Sousa, 2009) . Three experimental groups were tested: Group Ccontrol, surgery procedure without ceramic implant, Group Ce -uncoated Al 2 O 3 implants (n = 6) and Group CeHA -apatite-coated Al 2 O 3 implants (n = 6).
Animal care and study protocol
This study was conducted according to the Ethical Principles on Animal Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA) and was approved by the Committee for Ethics in Research of the Faculdade Integral Diferencial -FACID (protocol n°165/10). Nine young male adult New Zealand white rabbits (180 days of age, average weight 6 kg) obtained from the FACID bioterium were kept in individual cages, fed a standard laboratory diet, and given tap water ad libitum. The animals were divided in three groups (three animals per group) and each animal of treated groups received two implants. This procedure aimed to the adequacy of legislation of rational use of animals in the experiments. The number of animals per group (n=3) was chosen based on a previous study (Lopes et al. 2007 ). The animals were submitted to the anesthesia with Ketamine Chloride (50 mg/mL) (Dopalen ® , Sespo Indústrias e Comércio Ltda, Paulínia, SP, Brazil) and Xylazine (20 mg/mL) (Anasedan ® , Sespo Indústrias e Comércio Ltda, Paulínia, SP, Brazil) in the proportion of 1:1 (0.1 mL for each 100 g of animal weight). The surgery procedure was performed on the right tibia of rabbits and began with the trichotomy and asepsis with topic polvidine (Ceras Johnson ® Ltda, Manaus, AM, Brazil) of the site to be incised. Surgical procedures were common to all the animals and consisted of implantation of two Al 2 O 3 implants in the right tibia of each animal at a distance of 5.0 mm from each-other. The preparation for implantation was performed by a drill-type trephine 4.5 mm and a surgical micromotor (model AEU-707A, Woodinville, WA, USA) with copious irrigation with saline to undergo a bone defect in elliptical shape with dimensions of 4.5 mm and a depth up to the medullar canal, filled by alumina implant. After the insertion of the implant, the periosteum was repositioned and suturing was performed up to the skin (#4.0 silk suture, Somerville ® , São Gonçalo, RJ, Brazil). After 30 days (Lopes et al. 2007; Pinheiro et al. 2008) , the animals were euthanized with an overdose of barbiturates (sodium pentobarbital -60 mg/kg Tiopentax ® , Cristália Produtos Químicos Farmacêuticos, Itapira, SP, Brazil). This period for euthanasia was chosen because of previous evidences of increased amount of well-organized bone trabeculi formed after 30 days (Pinheiro et al. 2008) . Then the tibia of each animal was dissected and removed, sectioned into four segments by a diamond disk (SF 355.504 .220, Edenta, São Paulo, SP, Brazil) and each block contained an approximately 4.0 mm of bone adjacent to the implant. The specimens were labeled and stored in liquid nitrogen.
FT-Raman spectroscopy analysis
An FT-Raman spectrometer (RFS 100/S ® -Bruker, Inc., Karlsruhe, Germany) was used to collect the data. To excite the sample, the defocused 1064.1 nm line of a Nd:YAG laser source was used. Laser output power was of about 180 mW and the system's spectral resolution was set to 4.0 cm -1 . FT-Raman spectra of the specimens were collected by a Ge detector. For each sample, three spectra were collected with approximately 10 µm of distance between them, using 100 scans, totalizing 54 spectra. To remove the fluorescence spectrum, a fourth order polynomial fit was performed for each spectrum in the region 900-1200 cm -1 e 2700-3500 cm -1 by MatLab ® software (The Mathworks, Inc.). The calculation of peak areas was performed by Microcal Origin6.0 ® (Software Microcal, Inc., Northampton, MA, USA). The peak areas in the intervals of 957-962 cm -1 (phosphate, inorganic content) and 2930-2950 cm -1 (C-H, organic content) were analyzed to characterize changes in bone mineral and organic matrix (Wopenka et al. 2008; Kozielski et al. 2011; Souza et al. 2011 ).
Micronucleus test
After animal euthanasia, the animal blood was collected using previously heparinized syringes for culture of lymphocytes with blocking of cytokinesis (CbMN). Approximately 0.5 mL of blood was placed in 4-5 mL RPMI 1640 supplemented with 15% fetal bovine serum, 1% antibiotics (penicillin and streptomycin), 1% Lglutamine and 1% phytohemagglutinin. Lymphocytes were incubated at 37°C (72 h). The cytochalasin B (Merck) was prepared in DMSO at a concentration of 6 µg/mL and stored at 20°C. This solution was added to the culture at 44 h. After the incubation period (72 h), the cultures were centrifuged at 800 rpm for 8 min to remove the red cells. Cells were washed in RPMI 1640 and treated in a hypotonic medium (0.075 M of KCl at 4°C for 2-3 min) and this procedure was repeated three times. The cells were centrifuged and added to the solution with methanol-acetic acid (3:1) and gently agitated, repeating this procedure three times. Cells were re-suspended, placed on slides and stained with 10% GIEMSA in phosphate buffer (pH 6.8, for 10 min). Then, the cells were observed under an optical microscope (100X), photographed and 1000 binucleated cells with preserved cytoplasm were evaluated for the frequency of micronuclei.
Statistical Analysis
Comparisons among the treatments groups were performed using the one-way ANOVA test at a 95% confidence level and the Tukey-Kramer multiple comparisons post-hoc test with GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA). Figure 1 shows the Raman spectrum of the bone mineral component with the main peak centered at 960 cm -1 evidencing important differences among the experimental groups. The spectra showed that the three groups had the same peak positions, but the intensities were different, where the group with the apatite-coated Al 2 O 3 ceramic (CeHA) showed the highest peak intensity. The main Raman peaks of the bone tissues at 959 and 2940 cm −1 were consistent with the previous results (Wopenka et al. 2008; Kozielski et al. 2011 ). In the bone spectrum, the band centered at 959 cm −1 corresponded to the symmetric stretching vibration of primary phosphate (PO 4 3-) and it was the strongest bone mineral marker (Arora et al. 2011; Sousa et al. 2011) . Considering the peak area, group C specimens showed significant lower peak areas than CeHA (p < 0.001) and Ce groups (p < 0.01). There were no statistical differences in inorganic peak area between CeHA and Ce groups (p > 0.05) (Fig. 2) . Figure 3 shows the Raman spectrum of the bone organic component with the main peak centered at 2940 cm -1 related to the CH bonds of organic matrix (Wopenka et al. 2008; Huesa et al. 2011) . After peak area analysis, group C specimens showed significant lower peak areas than Ce (p < 0.01) and CeHA (p < 0.001) groups. Specimens of Ce group also showed lower peak area than in CeHA (p < 0.05) (Fig. 4) . Figure 5 showed that no statistical differences were found among the groups considering the number of micronucleus per 1000 binucleated cells. 
RESULTS
DISCUSSION
In the present study, FT-Raman, analysis revealed a close relation between the surface of uncoated and apatite-coated Al 2 O 3 implants and newly formed bone matrix. The increased intensity of inorganic and organic Raman peaks (Figs. 1 and 3) in bone formed on apatite-coated Al 2 O 3 implants showed that those materials were essential for the osseo integration process. The increase in the area of the Raman peak at 959 cm -1 (bone mineral content) (Fig. 2) was due to the increased bone formation, which was stimulated by the hydroxyapatite coverage of the Al 2 O 3 implant. According to Lee et al (2010) , this acted as a stimulant for bone in growth. The 30 days period for euthanasia in the present study showed to be enough to bone deposition as indicated by Raman spectroscopy evaluation of bone inorganic matrix. These results were in agreement with the previous studies using histological analysis (Pinheiro et al. 2008) and Raman spectroscopy (Lopes et al. 2007) . With respect to the organic matrix evaluated by the peak area at 2940 cm -1 (related to the CH bonds of the organic material) higher organic peak areas were found in the bone near the apatitecoated Al 2 O 3 implants than in the other treatments showing the influence in collagen deposition (Fig.  4) . The organic bone matrix is composed of fibers and essential substance. The fibers that make up are basically of type I collagen (Huesa et al. 2011) . Type I collagen is a matrix protein synthesized by osteoblasts that becomes mineralized with the hydroxyapatite during the later stages of osteogenesis (Pei et al. 2011) . Therefore, the higher the deposition of the organic matrix, more mineralization occurs (Huesa et al. 2011) , and in the present study this correlation between inorganic component and organic matrix was also found (Figs. 1-4) . The micronucleus test showed that the uncoated and apatite-coated Al 2 O 3 implants were noncytotoxic and safe to in vivo applications. The results indicated no significant change compared to the control group (Fig. 5) . The micronucleus test is one of the main methods for preclinical evaluation of safety of pharmaceuticals indicating whether there is genotoxicity and mutagenicity (Maffei et al. 2008; Bull et al. 2011; Song et al. 2012) . The sensitivity of the mutagenicity assay has been used successfully as an indicator of predisposition to cancer (Mafei et al. 2008) . Depending on the level of chromatid breaks induced by the mutagenic treatment, subjects may be classified as sensitive or not sensitive what is believed to reflect its ability to repair DNA damage induced by mutagenic agents (Au, 2003) . The micronucleus test is a method that allows detailed analysis of chromosomal damage, chromosomal instability, mitotic dysfunction and cell death induced by genotoxins or other factors (Fenech 2006; Mafei et al. 2008) . The DNA damage is characterized by a single base changes and in crosslinked, thus with the potential to initiate and promote carcinogenesis (Valko et al. 2006; Zeiger et al. 2009; Song et al. 2012) .
CONCLUSION
The micronucleus test showed that the uncoated and apatite-coated Al 2 O 3 implants were noncytotoxic and safe to in vivo applications. FTRaman spectroscopy showed that the higher the deposition of the organic matrix, more mineralization occurred. The biomaterial proved to be biocompatible and osteoconductive when used as a bone implant. 
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